The soil structure transformation from ferralic to nitic horizons was studied in a toposequence on quaternary red clayey sediments and diabase in Piracicaba (SP), Brazil. Morphological and micromorphological studies, image analysis, soil water characteristic curves and monitoring of (total) soil water potential head were used. The presence of polyconcave vughs, clayskins and planar voids shows that the vertical and lateral transition and structural transformation from ferralic to nitic horizons is given by the coalescence of the microaggregates, probably due to tensions created in a drier period in the past. Changes to a more humid climate with a defined dry season and alternate drying and wetting cycles resulted in the fissuration of the previously coalesced material, forming polyhedral aggregates and microaggregates. Simultaneously, clay illuviation filled the voids and together with the compacting action of the biological activity of these soils contributed to the coalescence of microaggregates. 
INTRODUCTION
Soil surveys and the understanding of processes within soil systems are facilitated by the knowledge on spatial soil distribution in the landscape and the interrelations between horizons of the different soils. In tropical regions where basalt or diabase dominate as parent materials, it is common to find extremely deep and highly weathered soils with little differentiation between horizons on flat summits (Ferralsols) . At the transition from flat to sloping surfaces these homogeneous soils evolve to soils that are characterized by the presence of a subangular blocky structure in the upper part of B horizons (nitic horizon) and micro-granular structure (ferralic horizon) in the deeper part of B horizons. On steeper slopes the blocky-structure horizon is thicker while the other micro-granular horizon is thinner until its total disappearance, leading to the formation of the blocky structure horizons along the soil profile (Nitisols).
The continuous debate of the last three decades has given rise to a series of hypotheses on the structural transformation from ferralic to argic or nitic horizons in tropical soil genesis (Lepsch & Buol, 1975; Lepsch et al., 1977; Moniz & Buol, 1982; Birkeland, 1984; Bullock & Thompson, 1985; Fedoroff & Eswaran, 1985; Miklós, 1992; Vidal-Torrado & Lepsch, 1993; Vidal-Torrado et al., 1999) . These hypotheses vary from the filling of the porosity by illuvial clays deposited in the packing voids between the micro-granular aggregates, to the coalescence of the micro-granular structure by alternate drying and wetting cycles, either under the present humid or under drier climatic conditions in the past. According to Moniz & Buol (1982) , Miklós (1992) and VidalTorrado et al. (1999) the coalescence of microaggregates that transforms a micro-granular structure into a subangular blocky structure is due to an interaction between soil structure and its hydrodynamic behavior.
Most studies cited above are based on qualitative morphological, rather than on quantitative morphological and physical data. Using qualitative and quantitative methods to determine the soil structure organization and soil water dynamics, the purpose of this study was a deeper understanding of the processes of structural transformation from ferralic horizons with a micro-granular structure to nitic horizons with a subangular blocky structure, developed on a toposequence over diabase.
MATERIALS AND METHODS
The study site is located in Piracicaba, São Paulo State, Brazil (22 ° 42 ' 30 '' S, 47 ° 38 ' 00 '' W), at an elevation of about 546 m asl. The mean annual rainfall is 1,277 mm with a dry period from April to September, mean monthly rainfall of 43 mm and mean annual temperature of 21.5 ºC. January is the hottest month (mean 24.4 ºC) and July the coldest (mean 17.4 ºC). The study was conducted on the summit and shoulder segments of a toposequence underlain by a Cenozoic red clayey deposit and diabase (Cooper et al., 2002 ).
Soil morphology was described in three pits along the toposequence according to Lemos & Santos (1996) and soils were classified according to the World Reference Base (ISSS-ISRIC-FAO, 1998) . The geometrical distribution of the soil horizons in the toposequence was detected by the method developed by Boulet et al. (1982) .
Large thin sections (9 x 16 cm) of resin-impregnated blocks were prepared for micromorphological observations. Undisturbed and oriented samples were impregnated with non-saturated polyester resin (Crystic SR 17449) diluted with acetone plus a fluorescent dye to enable pore distinction under UV light (Murphy, 1986) . Smaller thin sections (3 x 4.5 cm) were also prepared for examination under a scanning electron microscope (SEM, Philips XL20). These samples were polished with diamond grains of decreasing size and carbon-coated for observation under SEM in backscattered electron mode. Soil micromorphological descriptions followed the criteria described by and some terms of textural pedofeatures were used as proposed by Brewer (1976) .
Digital images of the large thin sections were taken with a monochromatic CCD camera (resolution of 768 x 576 pixels in a 100 mm 2 pixel area). The SEM images had a resolution of 712 x 484 pixels with a pixel area of 1 mm 2 . Images were processed on a SUN Spark IPC system using Noesis Visilog image analysis software. Total porosity (tpa) was calculated as the sum of the areas of all pores or poroids (concept defined by Moran et al., 1988 , adopted here) divided by the total field area, in percentage. The poroids were divided into three shape groups, i.e. rounded, elongated and irregular. Two indexes were used to determine the poroid shape:
( 1) where P is the perimeter of the poroid and A its area, and (2) where N I is the number of intercepts of an object in direction i (i = 0°, 45º, 90°, and 135º), D F is the Feret diameter of an object in direction j (j = 0° and 90°), m is number of i directions and n is the number of j directions. This index is used as a complement to index I 1 for a higher precision in the separation of the shape groups. The criteria for the distinction between shape groups and their sizes are shown in tables 1 and 2.
Soil-moisture retention curves were determined using a tension plate for the matric suction values below 100 hPa and a pressure membrane apparatus for matric suctions above 100 hPa. The matric suctions used for the determination of the soil-moisture retention curves were 0, 5, 10, 30, 50, 80, 100, 330, 1,000, 5,000 and 15,000 hPa.
Variations of the (total) soil water potential head between the tropical wet (spring-summer) and dry seasons (autumn-winter) were monitored from October 1997 to June 1998. Mercury manometer tensiometers were installed at four locations along the transect to monitor the daily total water potential head from October 1997 (end of dry season) to June 1998 (peak of dry season). The tensiometers were distributed in four sets of seven on the summit and shoulder of the toposequence. In each set, the tensiometers were installed at depths of 0.1, 0.3, 0.6, 0.8, 1.0, 1.2, and 1.5 m determined according to the geometrical distribution of the horizons on the toposequence. Total soil water potential head was accurately measured in the range 0 to -750 hPa. The total water potential head was also monitored during specific rain events. Tensile strength was measured before the storm, during the storm at 15' intervals and after the storm at 2 h intervals during 24 h.
RESULTS

Soil morphology and distribution
The location of the three pedons, the lateral distribution of the horizons and the slope segments are shown in figure 1. The soils were classified as Ferralic Nitisols for pits 1 and 2 (T1 and T2) and Rhodic Nitisol for pit 3 (T3) according to the World Reference Base (ISSS-ISRIC-FAO, 1998). Morphological descriptions (Lemos & Santos, 1996) of the soil profiles are shown in table 3. The morphological descriptions and geometry of the horizons show the presence of ferralic and nitic horizons. Figure 1 shows welldeveloped nitic horizons in all segments of the transect. The thickness of the Bni1 and Bni2 horizons is steady along the toposequence, unlike the Bfl1 and Bfl2 horizons, which thin out from the upper shoulder to the lower shoulder segments or even eventually disappear.
The ferralic horizons are very porous with a microgranular structure and clayey texture ( Table 3 ). The nitic horizons have a well-developed subangular blocky structure with fissures separating the aggregates and also have a clayey texture. The macromorphological observation did not evidence a better developed subangular blocky structure between Bni1 or Bni2 and Bni3, Bni4 and Bni5 (Table 3) . No textural gradient was found in the studied soil profiles along the transect. Biological activity is important in both nitic and ferralic horizons and was evidenced by vughs and channels with or without fillings. Along the descending toposequence, one of the most striking features is the progressive lateral and vertical structural transition (Figure 1 ). This transition results in the gradual thickening of the nitic horizon and a thinning of the ferralic horizon, until the total disappearance of the ferralic horizon on the shoulder segment.
Soil micromorphology
Important aspects of the structural evolution from ferralic to nitic horizons were revealed in the micromorphological descriptions (summarized in Figure 1 . Soil distribution on the toposequence (Bni: nitic horizon; Bfl: ferralic horizon). Table 3 . Field morphology descriptions (1) 3: strong; 2: moderate; 1: weak; f: fine; m: medium; gr: granular; sb: subangular blocky; pr: prismatic.
(2) f: few; c: common; ab: abundant; w: weak; m: moderate; st: strong.
(3) (dry) h: hard; (humid) fr: friable; vfr: very friable. table 4). The micromorphology of the nitic and ferralic horizons of the three profiles showed a vertical and lateral compaction process evidenced by a gradual coalescence of the micro-granular structure of the ferralic horizons (Bfl). Gradual changes in the C/F (coarse/fine particles)-related distributions between and within the Bfl horizons and Bni horizons together with changes in the void morphology and consequently in soil structure, are clear evidence of this vertical and lateral compaction process (Figure 2 ).
Along the ascending soil profiles, the C/F related distribution gradually changes from enaulic in the Bfl horizons to a porphyric enaulic intermediate stage in the Bni2 transition horizons and to an open porphyric in the Bni1 horizons. Correlated with the changes in the C/F related distribution, the soil structure gradually changes from micro-granular with some coalesced micro-granular zones in the Bfl horizons to a coalesced micro-granular structure in the Bni2 transition horizons, and to a blocky structure with coalesced micro-granular zones in the Bn1 horizons. This structure transformation ("variation" or "evolution") in the soil profiles affects the soil voids, which, in the same sense, evolve from packing voids in the Bfl horizons to polyconcave vughs and packing voids in the transition horizons, and to polyconcave vughs and planes in the Bni1 horizons (Table 4 , Figure 2 ).
Along the toposequence, the C/F related distribution of the Bfl horizons on the summit is enaulic and evolves to porphyric-enaulic on the upper shoulder and to open porphyric at the end of the shoulder (Bni5 horizon). The Bni horizons that have a porphyric C/F related distribution with some locally enaulic zones on the summit, evolve to open porphyric in the upper shoulder and lower shoulder segments. From the summit to the shoulder segments, the soil structure and voids in the Bfl horizon evolve from a micro-granular structure with few coalesced microgranular zones and packing voids to an intermediate stage with an increase of coalesced micro-granular features which results in similar proportions between coalesced micro-granular and micro-granular structures where polyconcave vughs and packing voids are present (Table 4, Figure 2 ). This intermediate stage evolves finally to a subangular blocky structure with locally coalesced micro-granular zones dominated by polyconcave vughs and planes. The lateral structure evolution in the Bni horizon shows a subangular blocky structure throughout the toposequence with the presence of coalesced microgranular zones in the summit position that gradually disappear in the shoulder positions (Figure 2) . Following the evolution of the soil structure in the Bni horizons, polyconcave vughs with few planes dominate the summit segment; this type of vughs plays a secondary role in the shoulder positions where planar voids predominate. In the Bni2 transition horizon Table 4 . Micromorphological characteristics of the nitic and ferralic horizons this lateral structure and void transformations were also observed. These transformations are characterized by the passage, from the summit to the upper and lower shoulder segments, of a microgranular structure with coalesced micro-granular zones where packing voids and polyconcave vughs dominate, to a subangular blocky structure with coalesced micro-granular zones in which polyconcave vughs and planes are present and finally to a subangular blocky structure with polyconcave vughs and planes (Table 4, Figure 2 ).
In the Bni1, Bni3 and Bni4 horizons with an open porphyric C/F related distribution and in the transition Bni2 horizons with a porphyric-enaulic C/F related distribution, planar and micro-planar voids develop on the borders of the subangular blocky aggregates and in the coalesced micro-granular zones. As a consequence of the formation of these types of voids, polyhedral micro-granular aggregates are formed or previously coalesced micro-granular aggregates are individualized, characterizing an intense fissuration process in some areas of these horizons (Figure 3a,b) .
Clay coatings were found in all Bni horizons of the toposequence. They are located mainly in the polyconcave vughs or in the packing voids of the coalesced micro-granular zones and in the planar voids separating the subangular blocky aggregates in these horizons (Figure 3 d) . They consist of clay and Fe oxides and were classified according to Brewer (1976) as ferri-argillans. Although no textural gradient was observed in these soils, the clay coatings are quite numerous and may have been formed by a local clay redistribution due to clay dispersion processes (Cooper & Vidal-Torrado, 2005) . The biological activity is high throughout the toposequence. Numerous biological vughs and channels are present in the soil thin sections of all horizons. Most of them have loose and continuous infillings formed mainly by rounded and polyhedral micro-granular aggregates, respectively (Figure 3e ). These micro-granular aggregates could be residues of the action of the soil fauna or pedoturbation processes. An important feature in these biological vughs and channels is the compaction of the walls due to the pressure exerted by the roots or soil fauna during the opening of these voids.
Image analysis
The total area of the thin section occupied by pores (tpa) decreased vertically from the Bfl horizons to the Bni horizons in the first two pits (Figure 4) . In pit T3 tpa was lowest in Bni3 and Bni4 horizons, where the blocky structure in the toposequence had developed most. The decrease in the tpa was also observed laterally within the soil horizons between T1 and T3.
In T1 and T2, a decrease in the amount of irregular voids was observed from the Bfl to the Bni horizons. The rounded voids initially increased from Bfl to the transition horizons (Bni2/Bfl in T1 and Bfl1 in T2) and later decreased in the Bni horizons of T1 and T2 (Figure 4 ). These changes evidence the formation of polyconcave vughs from the irregular voids and the coalescence of the micro-granular structure. The formation of the blocky structure with a dense and porphyric groundmass together with the clay illuviation in the Bni horizons, affecting size and amount of the polyconcave vughs, explain the decrease of the rounded voids. Expansion and contraction processes (due to wet and dry seasons) that can form the blocky and polyhedral micro-granular aggregates could be responsible for the presence of elongated voids.
Differing from T1 and T2, the void distribution in T3 was similar in all horizons. In these, the rounded vughs were dominant. The presence of irregular voids was mainly due to biological activity and the elongated voids represent the planes that separate the blocky aggregates that dominate in this profile.
These vertical and lateral changes in the pore shape between these horizons agree with the micromorphological observations that showed a gradual compaction process that leads to changes in the morphology of the soil structure and voids.
Soil water characteristic curves
The vertical and lateral changes in structure and porosity observed in the micromorphological descriptions and image analysis influence the behavior of the soil water characteristic curves of the different horizons of this toposequence (Figures 5 and 6 ). Figure 5 illustrates the soil water characteristic curves of the Bni and Bfl horizons in the three pits. In T1, the differences observed in the gradient of the soil water characteristic curves between the Bfl and Bni horizons represent the changes in aggregation, pore size and pore morphology that occur vertically between these horizons (as described above). Although the differences in slope gradient are quite pronounced, the transition between the Bfl horizon and the Bni1 horizon occurs gradually and in the range of gravimetric water content that correspond to the matric potentials (h) of 1 to 200 hPa (log h = 0 to 2.3). The differences in the slope gradient in T2 practically disappear from the Bni to the Bfl horizons. A marked difference can still be observed between Bni1 and Bfl2 horizons, while the gradients of the Bni2 and Bfl1 horizons were intermediate, resulting in transitional horizons. No differences were observed in the slope gradient between the soil water characteristics of the horizons in T3. A slight increment in the slope gradient of the transition horizon to the saprolite can be attributed to the incipient microaggregation observed in this horizon.
The changes in the behavior of the soil water characteristic curves within the different B horizons can be seen in figure 6 . In all cases (Bni1, Bni2, Bni3, Bni4, BC, and Bfl), a decrease in the slope gradient of the curves, within the different horizons, occurs from the summit to the shoulder position showing that changes in aggregation, pore size, pore distribution, and pore morphology do not only occur vertically but also laterally within horizons with similar field morphological properties.
The vertical and lateral evolution of the soil water characteristic curves of this toposequence showed that the changes occur mainly in the part of the curve related to the structural porosity. This phenomenon evidences a gradual compaction process from the Bfl to the Bni horizons and also within the different B horizons as they evolve from the summit to the shoulder positions.
Seasonal variations of the total potential head
The seasonal variations of the soil water total potential head of the four tensiometric stations (TS) on the toposequence (Figure 1 ) are shown in figures 7 and 8. The behavior to the seasonal variations of the total water potential head was similar in all four TS. Two distinct periods were identified, one represented by low water potential heads (between -600 and -800 hPa) in the dry winter months (July to September, not shown) and the other by fairly high water potential heads (between 0 and -300 hPa) in the wet summer months (November to March). The end of the dry season and beginning of the wet season (September and October) is marked by sporadic and concentrated rainfalls with medium to low intensities that lead to a rapid wetting of the soil surface horizons (down to approximately 0.6 m). In November, in the full rainy season, the subsurface horizons (below 0.6 m) behave similarly to surface horizons and the total water potential heads increase rapidly to values that remain practically constant in the whole summer or wet season. On the other hand, the tensiometers showed that the soil drying process occurs very slowly and gradually with practically no differences between the horizons between April and June, with exception of the surface horizon (0.1 m). These measurements show that the period in which the soil is truly dry in the year is very short whereas the period in which the soil is moist or subjected to moisture fluctuations is quite long.
The data presented in figures 7 and 8 show that the water movement in the soil toposequence is eminently vertical, from the A horizons (10cm) down to the Bfl or deeper (150 cm) horizons. No evidences of lateral water movement or seasonally perched water tables were found in this transect.
This preferential vertical movement of water in these soils was confirmed by monitoring the total water potential head in some rainstorm events. Figure 9 shows the evolution of the total water head potential in a rainstorm that occurred in the morning of 16/2/1998. During this rain event saturation was attained in A and BA horizons (tensiometers at 0.1 and 0.3 m, respectively) affecting runoff formation, but even in this situation water redistribution within the soil was shown to have a vertical direction from the surface to the deeper horizons.
DISCUSSION
The distribution of the soil horizons and their soil structure characteristics evidenced a vertical and lateral structural transformation. This transformation occurs between microaggregate structured horizons (ferralic horizon) and polyhedral structured horizons (nitic horizon). The lateral transition can be characterized as very progressive and the vertical transition between the different horizons is diffuse. Changes in the pore morphology, pore distribution, water retention characteristics and soil aggregation occur as a consequence of this process.
To understand the structural evolution, four stages similar to the ones described by Miklós (1992) , were suggested. The first stage corresponds to the microaggregate structure, characterized by packing voids and an enaulic C/F related distribution. The second stage is represented by a transition where a porphyro-enaulic C/F related distribution dominates. It is characterized by the appearance of polyconcave vughs, that result from the coalescence of oval and polyhedral microaggregates, and a reduction of the pore space. The third stage represents a porphyric C/ F related distribution and a drastic reduction of the pore space, where vughs and polyconcave vughs dominate. The fourth stage corresponds to the presence of polyhedral aggregates with a porphyric C/F related distribution and porosity formed by planar voids and polyconcave vughs within the aggregates.
Three processes were identified as responsible for the formation of this structural evolution: microaggregate coalescence, clay illuviation and fissuration. The results presented by Fedoroff & Eswaran (1985) , who studied soils with argillic and oxic horizons, showed a similar sequence of processes; the formation of the argillic horizon would begin with the compaction of the microaggregates of the oxic horizon followed by clay deposition covering the aggregates and filling the packing voids.
The coalescence of the microaggregates would occur by an approximation and welding of the microaggregates due to soil wetting and drying processes and compression forces provoked by biological activity (root growth and/or macro and mesofauna activity). The existence of an energetically contrasting environment due to wetting and drying cycles would induce the appearance of very high tension forces in the soil matrix that would correspond to water tensions varying between 0 and -600kPa in a year, according to Pedro (1987) . These would approximate and coalesce the microaggregates. This situation would occur in a dryer climate, probably ustic or semiarid (Miklós, 1992) , that would form an energetically contrasting environment due to the existence of very different climatic seasons characterized by short wet seasons (usually isolated torrential rains) and long dry seasons (Miklós, 1992) . The approximation and contact between the microaggregates would occur by the expansion of these aggregates in the short wetting phase (low tension forces). A posterior transition to a drying phase (high tension forces) would lead to the contraction of the soil matrix and the welding of the contact regions between the microaggregates. The stability of the coalesced microaggregates would depend on the size of the contact area and long dry seasons that lead to high tension forces in the soil.
In disagreement with this hypothesis Moniz & Buol (1982) , Moniz (1996) and Vidal-Torrado et al (1999) explained the formation of the nitic and argillic horizons from ferralic horizons by compaction processes due to actual alternating saturation and dessication cycles formed by the subsoil lateral-water flow along the slope. The soil water dynamics data presented above showed that the direction of water flow in these soils was vertical; no subsurface lateral water flow was evidenced. The data also showed that the variation of total water potential head of these soils per year varied between 0 and -80kPa, which is very distant from the energy contrasts suggested by Pedro (1987) for microaggregate coalescence, and that the dry periods were too short to stabilize the coalesced microaggregates. Consequently, supporting the hypothesis presented above, the water tensions determined by actual soil water dynamics of this toposequence would not be sufficient to form the compacted horizon and the absence of lateral-water flow invalidates the conclusions presented by Moniz & Buol (1982) and Vidal-Torrado et al (1999) for the toposequence studied in this paper.
Biological activity is high in all toposequence as found in the morphological and micromorphological descriptions. The pressure exerted by the burrowing action of the soil macro and mesofauna and root penetration through the soil matrix leads to the formation of channels and vughs with densed walls. The formation of biological channels and vughs in microaggregated horizons leads to the approximation and coalescence of the microaggregates around pore walls. The high incidence of biological activity in these soils show the importance of this process in the coalescence of microaggregates and the compaction of the ferralic horizons.
Clay illuviaton features were found in all B nitic horizons filling the polyconcave vughs, packing and planar voids. Although this process is secondary in relation to microaggregate coalescence, it also participates in the compaction process as a result of the reduction of the pore space by clogging voids. This process has been widely discussed by Lepsch et al. (1977) , Fedoroff & Eswaran (1985) , Creutzberg & Sombroek (1987) , Moniz (1996) , Vidal-Torrado et al. (1999) , and Cooper & Vidal-Torrado (2000) .
The formation of polyhedral macroaggregates (blocky structure) and of interaggregate planar voids, characteristic of the fourth stage, occurs as a result of the fissuration process of the porphyric and porphyro-enaulic C/F related distribution. An intensification of this process would also be responsible for the formation of polyhedral microaggregates observed at the transitions between the compacted nitic horizons and the ferralic horizons. Frequent contraction and expansion processes due to alternate drying and wetting cycles would form the planar voids. This process would result from seasonal climatic alternations that occur in humid climates where the energetic contrasts are smaller leading to the retraction of the material and consequent fissuration (Pedro, 1987; Miklós, 1992) . As the soil water dynamics data presented above show, in this toposequence there would not be enough energy to approximate and coalesce the microaggregates, consequently resulting in a fragmentation or fissuration process of the compact and transition horizons.
CONCLUSIONS
1. The soil morphology and water processes of the lateral and vertical transition between microaggregate and polyhedral aggregate horizons showed that the structural transformation of these horizons occurs by a compaction process due to hydro-physical and mechanical restrictions.
2. The coalescence process would occur by alternating wetting and drying cycles. The initial contact between the microaggregates would occur in short wetting phases and the welding of the coalesced microaggregates in intense, long drying phases. High energetic contrasts that occur in drier climates than present (ustic or semi-arid) would be necessary to stabilize the coalesced microaggregates. Further experimental studies are needed to demonstrate this conclusion.
3. Other compacting processes such as the mechanical action of soil biological activity and pore clogging by clay illuviation were identified. The extent of these processes indicates their importance for the structural transformation observed in this toposequence.
4. The formation of polyhedral aggregates and polyhedral microaggregates is an ongoing process and results from fissuration processes which in turn result from soil contraction and expansion in the present humid climate (low energetic contrast between wet and dry seasons).
